A statistical model of activated dissociative adsorption is developed using microcanonical, unimolecular rate theory. Dissociation is treated as occurring through energy randomizing collisions between incident molecules and local clusters of surface atoms. The predictions of the statistical model are found to be in remarkable accord with existent experimental data for methane dissociative adsorption and the thermal hydrogenation of methyl radicals on Pt(ll1). Perhaps surprisingly, the "over the barrer" statistical model adequately describes the known kinetics of these reactions without any explicit provision for quantum tunneling.
I. INTRODUCTION
Dissociative adsorption is often an important step in heterogeneous catalysis.' Unfortunately, there is no quantitatively workable dynamical theory of dissociative adsorption which can explain the diverse features of the process from a single point of view. ' The development of dynamical models has been impeded by the many degrees of freedom which must be included in comprehensive dynamical descriptions of gas-surface interactions. In contrast, statistical theories of chemical behavior are most successfully applied to systems possessing many degrees of freedom, high state densities, and sufficient mode coupling to support free exchange of energy between modes. In this paper we abandon aspirations to follow exact adsorption dynamics but rather develop a statistical model of dissociative adsorption which employs microcanonical unimolecular rate theory to treat the process as occurring through energy randomizing collisions between individual molecules and local clusters of surface atoms.
The dissociation of hydrogen on Cu( 111) has become the prototypical system for studies of activated dissociative adsorption. 3-'5 Both atoms of the molecule and at least two surface atoms participate in the chemical transformation across the activation barrier. Even in this "simplest" of dissociative adsorptions, a full dynamical description of the behavior requires consideration of motion on a potential energy hypersurface (PES) involving at least ten degrees of freedom. The two translational degrees of freedom related to motion of the hydrogen molecule parallel to the surface may be excluded from consideration since the dissociative sticking coefficient is experimentally found to scale with only the translational energy directed along the surface normal. This is intuitively reasonable for smooth, uncorrugated surfaces where momentum parallel to the surface should be approximately conserved. The most ambitious quantum and semiclassical wave packet calculations have employed only 4 (Ref. 13) and 6 (Ref. 14) , degrees of freedom, respectively. More aggressive classical calculations by DePristo and co-workers'6 have used 45 degrees of freedom in dynamical simulations employing a classical trajectory, generalized Langevin equation, "ghost" atom formalism. A problem common to all the dynamical calculations is uncertainties in their PESs which are usually empirically constructed with little quantitative aid from either ab initio calculations or experimental data.
A semiempirical description of the Hz/Cu( 111) dissociative adsorption which obeys the constraints of detailed balance has been demonstrated by Auerbach and co-workers?-" Using empirical expressions for the dependence of the sticking coefficient on normal translational energy they quite successfully fit their data for dissociative adsorption and associative desorption of hydrogen on Cu(ll1) over a wide range of surface temperatures. For each H, rovibrational state (u,J) and Cu surface temperature (T,) three fitting parameters were obtained; the maximum sticking coefficient, A (u ,J, T,) ; an "effective" kinetic energy required for the adsorption probability to reach half-maximum, E,( u ,J, T,) ; and a width parameter that controls the slope of the sticking coefficient with respect to normal translational energy, W( u ,J, T,) . To characterize dissociative sticking at even a single surface temperature, tens of empirical fitting parameters must be determined in state-of-the-art experiments. Once again, it is the multidimensional nature of dissociative adsorption which makes even semiempirical analysis complicated and barely tractable even for the relatively simple Hz/Cu( 111) system.
The state-resolved studies*-" of Hz desorption from Cu( 111) interpreted through application of detailed balance have revealed that molecular energies in normal translation, vibration, and rotation, as well as energy in surface phonons are cumulatively effective in surmounting the activation barrier towards dissociative adsorption. Interestingly, when u = 0 hydrogen was scattered from Cu(ll1) at translational energies high enough to access the transition state region of the dissociative adsorption PES substantial vibrational excitation to the u = 1 state was observed.s*6 These observations point towards the possibility of ultrafast energy exchange between modes within activated molecule/surface complexes formed in high energy surface collisions. Such mode coupling in H&u collisions is particularly remarkable because of the unfavorably small mass of H, and the system's limited degrees of freedom. In the more complex collisions occur-ring in methane dissociative adsorption on transition metals, there also appears to be effective use and coupling of molecular translational, vibrational, and surface phonon energies in surmounting the activation barrier to dissociation. '7*'8 Statistical theories of reaction depend on such rapid energy exchange between system degrees of freedom at transition state energies. Since experiments have directly revealed some degree of energy exchange in dissociative adsorption a statistical treatment of the reaction kinetics may be possible, particularly for the dissociation of polyatomic molecules.
Dynamical approaches towards understanding dissociative adsorption become exceedingly challenging for polyatomic molecules. Harris and co-workers"-** have boldly pioneered the use of wave packet propagation techniques to examine methane dissociative adsorption on Pt(ll1) and the general case of precursor mediated dissociation of alkanes on metal surfaces. Reduced-dimensionality PESs were used to monitor the molecule-surface separation and C-H stretch coordinates for low energy reaction paths. A qualitative agreement with a wide range of experimental data was announced and it was reported that CH4 dissociation on metals occurred via tunneling upon initial impact with the surface,19 and the "tunneling model... apparently resolves long standing controversies about the nature of C-H bond activation in catalysis. "22 Recent experiments on the photochemical and thermal hydrogenation24. ' " of methyl radicals on Pt(ll1) have provided some evidence for statistical behavior and yielded surprisingly low kinetic isotope effects (-1.3) upon substitution of adsorbed H for D. Molecular beam measurements of methane dissociative sticking coefficients on transition metal surfaces indicate that a wide range of molecular and surface degrees of freedom influence methane dissociation probabilities. '8*'9 Such experimental results are difficult to interpret within the framework of dynamical tunneling and suggest that a nontunneling, statistical model of the surface reaction may be more appropriate. The quantitative discrepancies between the predictions of the most sophisticated, thermally assisted tunneling modeli9-*' and experimental data are large, often reaching several orders of magnitude in the CH, dissociative sticking coefficient. This tunneling model attempts to dynamically explain the rapid increase in dissociative sticking with surface temperature through explicit incorporation of surface atom motion. However, Michelsen et a/.* concluded and this paper will reiterate that the inclusion of surface atom motion in a classical mechanical "surface mass model" or quantum dynamical model*' is insufficient to satisfactorily account for the dependence of the dissociation probability on surface temperature. Ultimately, the quantitative failings of the tunneling model are sufficiently serious to call in to question the fundamental importance of this mechanism in CH, dissociative adsorption.
In this paper we develop an alternative statistical model for activated dissociative adsorption based on microcanonical unimolecular rate theoryz6-** in which reaction occurs as the result of energy randomizing collisions between molecules and local clusters of surface atoms. Integrating the microcanonical rate constants over arbitrary reagent state distributions allows for treatment of reactions under both nonequilibrium and equilibrium conditions. Model calculations are compared to experimental data derived from molecular beam and thermal desorption experiments which probe methane dissociative adsorption on Pt( 111). The statistical and thermally assisted tunneling models are contrasted and some tests and improvements of the statistical model are proposed.
II. MODEL OF ACTIVATED DISSOCIATIVE ADSORPTION
The fundamental idea is to consider dissociative adsorption as occurring through an energy randomizing collision between a gas phase molecule and a local cluster of surface atoms. An individual collision will form an energized surface collision complex with a particular total energy, E, , derived from both molecular and surface degrees of freedom. The probabilities for methane dissociative adsorption, desorption, and trapping will depend on E, , E,=E,+E,+E,+E,+E,,
where E, is the intact molecule's adsorption energy; E, is the vibrational energy of the cluster of surface atoms; and E,, E, , and E, are translational, vibrational, and rotational energies of the incident molecule, respectively. If the total energy is sufficiently close to E, , the molecule may become trapped in the molecular adsorption well, that is, may undergo more than one round trip within the adsorption potential.29 Relaxation of vibrational energy can be extremely rapid on metal surfaces. The vibrational lifetime of CO when chemisorbed on Pt( 111) drops to 2 ps which constitutes only several periods of molecule-surface oscillation.30 For chemisorbed polyatomic molecules vibrational lifetimes may be even shorter. Physisorbed molecules or those in the process of chemisorbing are less strongly coupled to the surface and presumably less rapidly vibrationally quenched. Nevertheless, once a molecule becomes trapped on the surface it is likely to become thermalized to the surface temperature. The dissociation of trapped molecules or precursor mediated dissociative adsorption has been examined by Weinberg3' within the framework of transition state theory and by Luntz and Harris*' using their tunneling approach. In this paper we treat only cases of activated dissociative adsorption which occur directly upon collision of the molecule with the sur$ace.32 Activation barriers for these reactions are sufficiently high that trapping and precursor mediated dissociative adsorption are negligible.
A. Collisional energy exchange
As the total energy of the surface collision complex increases, the trapping probability goes to zero and the life time of the complex, rc, becomes the collision time. A methane molecule striking a surface with translational energy of -1 eV will have a collision duration of -lo-l3 s for one roundtrip within the surface potential. It might seem that energy relaxation during a collision should decrease with rc as the total energy increases. However, at higher collision complex energies bond distortion and vibrational anharmonicity will cause coupling between normal modes to increase. Consequently, as the total energy increases both the collision lifetime and energy relaxation time will decrease. Energy exchange is likely to be particularly rapid at energies which allow the system to explore the "softened" region of the PES near the transition state configuration. Dynamical prediction of the collisional energy exchange is virtually impossible without detailed knowledge of the PES. Statistical methods of analysis require less PES knowledge but would seem to be applicable only if strong mode coupling leads to efficient energy exchange during collision.
Vibrational energy transfer within a solid is limited by the group velocity for phonon propagation. Low energy bulk acoustical phonons have the highest propagation velocities. These long wavelength phonons are responsible for sound transmission and in the Debye model their group velocity is used for all phonons.33 The maximum velocity for transmission of vibrational energy in platinum may be estimated34 as the sound velocity of 3.3 X lo5 cm/s. Consequently, over the time scale of an energetic collision of a molecule with a Pt surface (TV--lo-l3 s), only local surface atoms in the topmost layer may exchange vibrational energy with the molecule. This conclusion allows us to focus our attention on molecular energy exchange with just a few surface atoms rather than an infinite thermal bath of surface atoms.
range from one to three, depending on impact parameter. As noted above, we do not expect parallel surface vibrational modes to be active in energy exchange. The platinum surface atom cluster might provide from one to nine vibrational degrees of freedom. We anticipate that the most probable surface cluster will be comprised of three atoms whose perpendicular modes will provide three active surface modes. This places the total number of degrees of freedom active in collisional energy exchange for the CH,/Pt( 111) surface complex at u = 16. The actual number is expected to lie within the range from 11 to 22. This is a sufficiently large number of degrees of freedom to preclude an exact dynamical evaluation of the competition between dissociation and desorption (and trapping32) by modeling the time evolution of the system. A statistical evaluation will prove to be more tractable.
If the activated collision complex of molecule plus local cluster of surface atoms behaves statistically, unimolecular rate theory can be applied to examine the competitive rates of dissociative adsorption and desorption. RiceRamsperger-Kassel-Marcus (RRKM) theory26-28 has been remarkably successful in describing unimolecular reactions of gas phase molecules (atoms 24) and here we apply it to activated dissociative adsorption. Important postulates of the RRKM theory are (1) the excitation energy of the energized complex is assumed to be rapidly and randomly redistributed amongst the complex degrees of freedom which can actively exchange energy, and (2) the energy redistribution is faster than any reaction rate. Briefly,38 under steady state conditions the reaction rate for a microcanonical ensemble of isolated, energized reaction complexes proceeding along the The molecule-surface collision is similar to a gas phase collision between a molecule and a cluster of metal atoms. However, the presence of the embedding surface may remove the stringency of constraints on conservation of linear and angular momenmm for the collision complex. For smooth surfaces and spherical incident molecules the collisional interaction potential is likely to display little corrugation and conservation of linear momentum parallel to the surface and, perhaps, perpendicular angular momentum may be reasonable approximations. The CH,/Pt( 111) PES is expected to exhibit minimal corrugation and will be the particular example for discussion below. Rotational conservation laws have not yet been experimentally investigated for CH,/Pt( I1 1). Evidence for conservation of parallel momentum derives from the dissociative sticking coefficient which scales with normal translational energy. '8,35 Hence, we characterize parallel translational energy as "inactive" in collisional energy exchange and reaction. If we are to treat the surface atom cluster symmetrically we must postulate that only vibrations perpendicular to the surface will be active in energy exchange. Parallel surface modes can only be weakly coupled with the incident molecular modes if parallel momentum of the molecule is ultimately conserved. This leaves both parallel translational motion of the molecule and parallel vibrational modes of the surface atoms as "inactive" degrees of freedom.
Let us estimate the number of degrees of freedom, u, which can actively exchange energy in CH,/Pt(lll) collisions. Methane has five atoms, 15 degrees of freedom, and 9 vibrational modes. We expect the two translations in the surface plane to be inactive degrees of freedom. Without guidance from experiment, we arbitrarily assume that rotational degrees of freedom will be active. The 2 w van der Waal's radius36 of CH, is close to the Pt( 111) nearest neighbor distance37 of 2.775 A. The number of surface Pt atoms interacting with CH, during a collision is believed to lie in the where E is the total energy available in active (coupled) degrees of freedom, k+ is the rate of passage of activated complexes to products, and [A*] and [At] are the concentrations of energized and activated complexes with energy E. The ratio of concentrations is simply the ratio of density of states if all states are statistically populated with equal probability. Treating the transformation of transition state complexes into products as one dimensional motion along a separable reaction coordinate allows RRKM theory to provide a relatively simple final expression for the rate constant, In Eq. (3), E is the total energy in active modes, E, is the threshold energy for reaction, p(E) is the density of active states for reactant molecules, p+(E+) is the density of active states for the activated complex in which the degree of freedom corresponding to the reaction coordinate has been removed, a is the reaction path degeneracy (for CH4 dissocia- path A * -+A + + products will be
hp(E) =a! ME) . tion a=4), and h is Planck's constant. The integrated density of states of the activated complex is Wt (E -E,) or the sum of states up to the system energy E.
Consider the general case of activated dissociative adsorption of a molecule AL3 on a surface S. A schematic depiction of the energetics of the process along the reaction coordinate is given in Fig. 1 . The zero-point energy has been implicitly incorporated into the potential energy. The molecule approaches the surface from the left as it moves along the molecule to surface coordinate, qABWS. As the activated complex for dissociative adsorption is traversed this reaction coordinate is smoothly transformed into separation of molecular fragments across the surface, qcAmBJS. Moving along the "reaction coordinate" from left to right three notable configurations are encountered; the desorption activated complex (DC), the energized complex (EC), and the reaction activated complex (RC). As was discussed above, the energized complex formed from the incident molecule and local cluster of surface metal atoms will be effectively isolated from energy exchange with the rest of the bulk solid at energies sufficient for reaction. The total energy of the complex will be derived from molecular and surface degrees of freedom as given by E, of Eq. (1). However, only energy in "active" degrees of freedom can be used to surmount the barrier to reaction and we consider only the total freely exchangeable energy, E, of the complex in the discussion which follows, excluding from consideration all energy in inactive or adiabatic degrees of freedom.
Let us consider the behavior of an experimentally prepared ensemble of surface collision complexes formed with a given energy E which is sufficiently large that both dissociative adsorption and desorption are possible. That is E3E, and EaE,, where E, is the threshold energy for dissociative reaction and ED is the threshold energy for molecular desorption. The classical phase space available to the ener- . Energized collision complexes are formed as systems enter the central phase space region through the molecular adsorption/desorption activated complex bottleneck but in Fig. 2 we display only representative points of systems after collisional excitation (i.e., only exit fluxes, not entrance fluxes). According to RRKM theory, within the phase space of the energized complex (bottle region) statistical mixing of active degrees of freedom of the complex occurs much more rapidly than disappearance of the complex through either one of the exit channels corresponding to desorption or dissociation. In this limit of rapid statistical mixing of energy there will be a uniform distribution of exiting collision complex representative points across the available phase space. For a single molecule striking the surface, the available reaction time for dissociative adsorption is the collision complex lifetime (-lo-l3 s). The ratio of relaxation to reaction times is an important parameter which may force our analysis to change from a statistical to a dynamical one. However, in some cases a dynamical analysis will not be required even when the relaxation time for collision complexes is similar to or larger than the reaction time. A microcanonical ensemble of collision complexes at given total energy [i.e., Fig. 2(a) ] might be achieved experimentally by isotropic population of states by collisional preparation even when relaxation times are long. For such nominally dynamical situations, expression (3) may still be used to calculate ensemble averaged rates for both reaction channels.38 In dissociative adsorption experiments, the initial states of the surface clusters and incident molecules which form collision complexes at energy E are generally broadly distributed and the various impact parameters are completely random. The representative points of the ensemble of systems enroute to forming collision complexes at energy E will already fill much of the DC entrance hypersurface to the collision complex phase space fairly smoothly. Only modest dynamical exploration of the collision complex phase space for individual system trajectories may be sufficient to reach the statistical limit of uniform population of the phase space when averaged over the ensemble.
The dissociative sticking coefficient or probability for on-impact dissociative adsorption, S(E), is actually a ratio of rates,
where k,(E) and k,(E) are ensemble average rates for the dissociation reaction and desorption, respectively. The statistical demands on the energized collision complexes may be reduced if ratios of rates rather than absolute rates are to be calculated through the methods of statistical mechanics. We believe that molecule-surface collisions may lead to a quasiuniform population of phase space because of the extreme diversity of initial impact parameters (rotational and translational orientation of species and phases of internal vibrations) and efficient energy redistribution during collisions at the relatively high total energies and hence high state densities of the energized clusters (E20.75 eV). We expect that at these high state densities even modest mode coupling should lead to virtually chaotic trajectory behavior upon surface collision. Even if the broad range of impact parameters and efficient energy redistribution are insufficient to uniformly populate the entire phase space of the energized collision complexes, they may still provide enough mixing to yield a uniform distribution of representative points across a restricted portion of the phase space [ Fig. 2(b) ]. The sticking coefficient may be calculated statistically from Eq. (4) if the distribution of exiting representative points of the energized complexes is uniform over at least the portions of phase space which include all of the phase space for both exit activated complexes (n.b. the distribution may be anisotropic elsewhere). Employing rate expressions of the form of Eq. w, k,fC&J
the sticking coefficient becomes a ratio of exit fluxes across the transition state surfaces in phase space. The relative activated complex concentrations are then simply proportional to their density of states and following the usual RRKM procedures,
where LYE is the degeneracy of the dissociation reaction, and Wi(E -ER) and WL( E -En) are the integrated densities of states of the activated complexes for dissociation reaction, and desorption, respectively. Successful application of the dissociative sticking coefficient expression (6) relies on several conditions for the ensemble of energized collision complexes at energy E; (1) effective isolation of the collision complexes from energy exchange with the bulk solid due to short collision complex lifetimes, (2) a uniform density of energized complex representative points over at least the phase space of the activated complexes. The last condition may be accomplished through extensive averaging over the initial impact parameters followed by efficient energy redistribution by the collisional PES even when the nominal relaxation time for a single trajectory is longer than the collision complex lifetime. Condition (2) is certainly fulfilled if individual collision complexes obey the RRKM postulates of uniform and rapid exchange of energy between active degrees of freedom on a time scale faster than any reaction rate. At the present time, it is far from experimentally clear whether or not individual molecules involved in surface collisions statistically relax during the span of a single collision. State-to-state experiments on the gas-phase dissociation of CH,CO have revealed statistical behavior in detailed accordance with RRKM theory."' Given that larger numbers of atoms are typically involved in the collision complexes of dissociative adsorption and that there is much more averaging over the initial states than in the gas phase example above, one may expect to find some dissociative adsorption systems which will behave in the statistical RRKM manner.
III. AVERAGING OVER THE MICROCANONICAL STICKING COEFFICIENT
Expression (6) provides only an average dissociative sticking coefficient for an ensemble of surface collision complexes with total energy E. In order to make contact with experiments, the microcanonical sticking coefficient must be averaged over the probability of creating collision complexes with specific E values. The energy averaged sticking coefficient is simply, where f(E) is the flux weighted probability distribution for forming a surface collision complex with total energy from E to E + dE. The coverage, oi, of a particular dissociation fragment will vary as (d8Jdt) = SF,, where F, is the total flux of reagent molecules striking the surface expressed in monolayers/s. The optimal technique for calculation of the sticking coefficient may vary depending on f(E) and the experimental conditions. In this paper, we describe general procedures for calculating dissociative sticking coefficients for molecules impinging on the surface with (i) nonequilibrium energy distributions from molecular beams (ii) thermal equilibrium energy distributions from ambient gas at the surface temperature. Finally, we compare calculated sticking coefficients with those derived from supersonic molecular beam experiments on dissociative adsorption of CH, on Pt(ll1) and angle-resolved associative desorption fluxes of CH, from the thermal reaction of CH,(,) +H(,) on Pt(ll1).
A. Dissociative adsorption from molecular beams
Molecules striking a surface from a supersonic molecular beam have a nonequilibrium energy distribution which is typically characterized by the mean translational energy of the beam, E, , and beam translational, vibrational, and rotational temperatures, T, , T, , and T, , respectively. The energy distribution of the metal surface atoms before impact of a molecule is governed by the surface temperature, T, . A direct method for calculating the probability of forming a surface collision complex of energy, E, is to employ independent Gibbs canonical distributions to describe the translational, rotational, and vibrational degrees of freedom of the incident molecules as well as the vibrational degrees of freedom for the surface cluster of metal atoms. The general form of the probability distribution for forming an energized collision complex (EC in Fig. 1 ) with total energy in the range from E to E +dE is
wheref,(E,),f,(E,),f,(E,), PDF, =e the approp~ate canonical distribution probabilities for having a particular energy in molecular translation, rotation, vibration, and surface vibrational degrees of freedom.
The translational energy distribution of molecules in a supersonic molecular beam is most simply described as a Maxwellian distribution at temperature T, in a system of coordinates moving with the beam at its mean " stream" velocity.40 We are interested in the flux weighted energy distribution of the beam since the molecular beam delivers the molecules to the surface. In a supersonic molecular beam kT, will be much less than the mean translational energy of molecules, Eb , and the flux weighted distribution f,(E,) may be simply approximated as a &function, ft(E,)= &Et-Ed.
The component of translational energy along the surface normal for molecules incident at an angle 6 is E,, = E, cos*( 4)
and for molecules of the molecular beam, En= E, cos*(~Y). The molecular beam distribution over rotational energy, f J E,), for three rotational degrees of freedom in a canonical distribution is given classically by f,(E,)=Fexp r exp (11) where N,(E,.) is the density of rotational states, Q, is the rotational partition function, and T(X) is the gamma function. The rotational temperature, T, , is dependent on the molecular beam expansion conditions and as a rule is much less than nozzle temperature, T,, . For example, the rotational temperature in supersonic molecular beams of methane has been estimated3' as T,SO. 1 T, . Since the mean rotational energy as well as the width of the rotational distribution are much less than the mean translational energy, we may approximate the rotational distribution as a delta function at its mean value -1.5kT,,
The vibrational energy distribution, f,( E,), for polyatomic beam molecules treated as a canonical ensemble with a common vibrational temperature is NJE,) f,(E,)=,exp u (13) where N,(E,) and Q, are the vibrational density of states and partition function which can usually be treated semiclassically. Collisional energy transfer from vibrational to rotational or translational degrees of freedom during the supersonic expansion is poor because of the disparity in energy level spacings. In consequence, it is generally assumed that the vibrational temperature, T, , remains at about the nozzle temperature.'8*35
Finally, we must provide an expression for the vibrational energy distribution of the local cluster of surface atoms involved in the collision complex, f ,( E,) . At temperatures beyond the Debye temperature, OD=hq,,,x/k (for bulk platinum 8, = 240 IS), each phonon contributes very close to kT, to the total lattice vibrational energy.33 Hence for Ts> Bo, it should be possible to approximate the surface cluster's vibrational distribution, f,(E,), by a classical canonical distribution for the s surface vibrational modes which will be active in the surface collision complex,
where I'(X) is the gamma function. The dissociative sticking coefficient observed in supersonic molecular beam experiments may now be calculated using expression (6) for the microcanonical sticking coefficient and Eqs. (7)- (14) to perform the averaging over the molecule/surface energy distribution. Unfortunately, this direct method of calculating the sticking coefficient demands fairly complicated calculations which cannot be conveniently handled by typical desktop computers. Below, we discuss a less accurate but much less computationally demanding method of averaging the microcanonical sticking coefficient over the distribution of total energy available to the collision freedom contributes 0.5 k to CL while for T,k 6, each surface vibrational mode contributes k to CS,. The vibrational heat capacity may be found directly by differentiation of Eq. (19) since complexes. The total energy distribution for the collision complexes will be approximated as a Gaussian for energies close to the ensemble average value.
The probability distribution for energy fluctuations of a particular system of a canonical ensemble of systems with many degrees of freedom is close to Gaussian around the ensemble average energy with standard deviation, a, given q=g .
where C, is the system's heat capacity.4' Since we consider molecular translational, rotational, and vibrational degrees of freedom as well as surface vibrational degrees of freedom as being distributed as if in independent canonical ensembles at different temperatures we may use Eq. (15) to calculate the standard deviations to be expected in individual systems. The total energy distribution for a surface collision complex formed as the convolution of the independent distributions approximated as Gaussians will have mean energy, ~=~,+~,+~,+.&+E,
and,
Alternatively, Cg may be calculated using tabulated values of the constant volume heat capacity, C,( T,) ,43,34 for the gas of interest and particular T, since
Finally, using Eq. (17) the standard deviation of the collision complex energy distribution may be expressed as
i i
The overall probability distribution for a surface collision complex to have total energy from E to E +dE will be approximated by the simple Gaussian distribution,
The mean energy of a surface collision complex is given by Eq. (16). The mean translational energy of molecules in the beam may be estimated as E,= E, . The rotational degrees of freedom should behave classically since rotational temperatures for polyatomic molecules are typically only several Kelvin degrees (ex. OR--7 .6 K for CH4).42 Each rotational degree of freedom should contribute 0.5 kT, to yield a mean rotational energy of I?,= 1.5 k T, . For T, 3 6, every vibrational mode of the local cluster of surface atoms involved in the collision complex should contribute -kT, to the total cluster vibrational energy so that l?,=skT, , where s is the number of surface modes active in collision complex energy exchange. The mean total vibrational energy of an incident molecule oscillating harmonically is42
where wi is a frequency and di is the degeneracy of mode i. The standard deviation for the surface collision complex energy distribution requires evaluation of the specific heats of the independent canonical subsystems [Eq. (17)]. The degrees of freedom which can be treated classically are the simplest to handle. Translational degrees of freedom parallel to the surface contribute 0.5 k to the translational heat capacity while translation along the surface normal contributes k since we are interested in the flux weighted energy distribution of the incident molecules. Each rotational degree of (20) where y is the number of translational degrees of freedom which actively exchange energy in the collision complex. For processes exhibiting normal translational energy scaling of the sticking coefficient, such as dissociative adsorption of CH, on Pt( ill), y will be one. Addition of one to y in the bracket of Eq. (22) accounts for the conversion from a density to a flux weighted translational energy distribution.'@ Using expressions (15)~(22), the energy distribution of the collision complex energy, f(E), may be approximated as Gaussian. This method of calculating f(E) is much simpler than calculations which employ Eqs. (8)-(14). As will be shown below, the Gaussian approximation works reasonably well if there are many active degrees of freedom participating in energy exchange within the surface collision complex and if the total energy is fairly large. In discussion of molecular beam experiments, f(E) calculated from expressions (8) and (15)- (22) are generally very similar.
A detailed sticking coefficient, S( E, ,E, , E,), could be measured if it were possible to follow the dissociative sticking behavior of a particular flux F( E, ,E, ,E,) dEtdE,dE,= Fafm(E, .E, ,E,)dEtdE,dE, of incident beam molecules. This detailed sticking coefficient can be calculated within the framework of our model as S(Et,E,,E,)= ~~s(E,+E,+E,+E,+E,If,(E,)dE = I 2WMWE, by averaging over the active energy contributed to the collision complexes by the surface [cf. Eq. (7)]. Direct measurement of S(E, , E, , E,) in dissociative adsorption experiments has not been possible to date and in order to compare theory to current molecular beam experiments one must average over the breadth of the beam energy distributions as described above.
B. Dissociative adsorption under conditions of thermal equilibrium
The reverse reaction of dissociative adsorption is associative desorption and we will consider both reactions to share a common, adiabatic potential energy surface. Under conditions of thermal equilibrium, or even quasiequilibrium as found in ultrahigh vacuum desorption experiments, detailed balance may be successfully applied.44 At thermal equilibrium, the total flux of impinging molecules, F,, which dissociatively adsorbs must be balanced by the total flux, Do, from the associative desorption reaction, both polar and azimuthal incidence angles. In the discussion that follows we assume that the sticking coefficient exhibits normal energy scaling with no azimuthal dependence [ex. CH4/Pt( 111) and H2/Cu( 11 I)]. Here, translational motion parallel to the surface is not effectively coupled to the other active energy exchanging modes of the surface collision complex. Only normal translational energy participates in collisional energy exchange and must be included in the total active energy of the surface collision complex, E=E, cos2(i3)+E,+E,+E,+E,,
where, Ei=E,+E,+E,
is the combined internal energy of the molecule and local cluster of surface atoms. The probability for production of surface collision complexes with internal energy Ei is Do=SFo.
Furthermore, the microscopically detailed dissociative adsorption and associative desorption fluxes must be equal by detailed balance. 
84 J, 3,) S(EtAtvEr)=S fm(E,,E,,E,) .
5(E, J, Jr) =; f,(EAf,,(E,)fr(E,) Ioms(E)fsWE, 9
(27) where f,( E,) is the flux weighted, thermal translational energy distribution and f,( E,), f,.(E,), and f,(E,) are the other thermal energy distributions for the molecules and surface clusters which share a common temperature. Stateresolved measurements of associative desorption products under quasiequilibrium thermal conditions allow for calculation of the detailed sticking coefficients through Eq. (26). Within the framework of the statistical model, expression (27) gives the detailed energy distribution for both the associatively desorbing molecules and the incident molecules which dissociatively adsorb in thermal equilibrium.
Following introduction of Eq. (23) and rearrangement,
In order to compare theory to associative desorption experiments measured under thermal quasiequilibrium conditions it is useful to derive expressions for (i) the product angular yield and (ii) the angular dependence of the mean translational energy. In spherical polar coordinates the probability for thermal incident molecules to have a translational energy from E, to E,+dE, in solid angle d2f2( 6,(p) =sin( 8)dSdq is4 fl"( fi,E,) = d2f'(Ef) cos(6)E, sin(6)d6dq = rr(/~T)~ exp( -$ , (28) ) where 6 is measured with respect to the surface normal. The microcanonical sticking coefficient, S(E), may also depend on the incidence direction d20( 4, cp) of the incoming molecule. The three components of translational energy may participate with different efficiencies in energy exchange within the collision complex if the PES is sufficiently anisotropic. This would lead to variation of the sticking coefficient with
where f ,( E,), f u (E,), and f ,( E,) are the appropriate thermal distributions [cf. Eqs. (8), (ll), (13), and (14)]. Calculation of the angular distribution for associative desorption requires integrating the desorption flux into a particular d2Cl( 6, cp) direction over the full range of molecular energies. Substituting Eqs. (28) and (31) into Eq. (27) and integrating over energies,
provides the product angular yield distribution. The probability distribution for associative desorption in direction d2R( 6,q) with a particular translational energy in increment dE, is given by
The average translational energy for molecules desorbed in direction d2Q( 6,~) is simply calculated as
Calculation of the associative desorption angular yield Eq. (32) and mean translational energy Eq. (34) can be significantly simplified if the Gaussian approximation (15)- (22) is used for the internal energy distribution of the collision complex rather than the exact expression (3 1). In associative desorption the surface temperature is usually lower than the nozzle and surface temperatures in molecular beam adsorption experiments and the probability of a collision complex having sufficient energy to react is relatively low. Here, the Gaussian approximation is less appropriate because it works best for large numbers of active degrees of freedom (some vibrations may be inactive at low 2) and for energies in close proximity to the most probable value. This makes its use at low temperatures problematic where overlap of the tails of the S( E = E, + E, + E,) and f i( Ei) distributions contributes the most to the desorption yields Eq. (33). Nevertheless, in simulations of CH, associative desorption from Pt( 111) we will compare results using both the exact thermal distribution and the Gaussian approximation for f i( Ei). semiclassical approach.26 The energy distribution of the surface collision complexes will be approximated using a Gaussian function (15)- (22) and energy averaging over the microcanonical sticking coefficients will be done in the classical limit Eq. (7).
IV. SIMULATION OF METHANE DISSOCIATIVE ADSORPTION ON Pt(ll1)
Methane dissociative adsorption on Pt( 111) is considered to be a direct process which occurs during the course of individual molecule-surface collisions. A trapping mediated reaction channel for CH, dissociative adsorption can be discounted by detailed balance arguments since the associative desorption of CH, from the 240 K thermal reaction of H,,) +CH3cad) on Pt( 111) displays a co837 4 angular distribution without any trace of a diffuse cos 6 component indicative of trapping before desorption.24 In addition, Madix and co-workers46 have shown that the CH4 trapping probability on low temperature Pt( 111) drops sufficiently dramatically as the translational energy is increased that trapping can be expected to be negligible at the higher CH, energies and surface temperatures to be considered below.
Let us assume the CH,/Pt( 111) surface collision complex (EC of Fig. 1 ) has u degrees of freedom which actively exchange energy. The active degrees of freedom will be taken to include the nine internal vibrational modes of the molecule, normal vibration and three modes of restricted rotation of methane in the physisorption potential well, and (u -13) vibrational modes of the local cluster of surface atoms. Molecular translations in the plane of the surface are considered to be inactive modes since the dissociative sticking coefficient scales with only the normal translational energy. The restricted rotations and normal vibration of the molecule in the physisorption potential (which asymptotically becomes normal translation) will be treated as external vibrational modes. All four of these external modes will be grouped and considered to have equal vibrational frequencies in the range of 50-150 cm-'. For the cluster of surface atoms we assume (v -13) active vibrational modes all at the Debye frequency of Pt, 167 cm-t (0,= 240 K).33 The methane internal vibrational modes are described by the frequencies, wi, and degenerates, di, of the gas phase molecule, w1 = 3020 cm-' with d,=3; w2=2914 cm-' with d,=l; 03= 1520 cm-' with d,= 1; and w,= 1305 cm- ' with d4=4.47 In this section, the statistical model is first employed to calculate dissociative sticking coefficients appropriate for Luntz and co-workers' supersonic molecular beam measurements of methane dissociative sticking coefficients on Pt( 111) as functions of methane translational and vibrational energies, isotope, and the surface temperature. Simulation of all the molecular beam data required adjustment of only three parameters within the statistical model; (i) the apparent threshold energy for CH4 dissociation on Pt(lll), (ii) the total number of degrees of freedom which actively exchange energy in the surface collision complex, and (iii) the frequency of the CH,-surface vibration in the physisorption potential well. Having established these parameters once and for all, the methane angular distribution for thermal associative desorption from Pt ( 111) is calculated and compared with experiment. The angular dependence of the mean translational energy of the desorbing methane is simulated and the kinetic isotope effect for dissociative adsorption at thermal equilibrium is calculated as a function of temperature.
A. Adsorption from nonequilibrium molecular beams Supersonic molecular beams have been used to measure methane dissociative sticking coefficients on Pt(ll1) by separate groups at IBM and Stanford.35 The IBM data set is the most complete and has been the subject of a previous theoretical simulation using the thermally assisted tunneling model. For comparative purposes we will apply our statistical model to simulate the IBM data. Microcanonical sticking coefficients (6) will be calculated using a Using the parameters above it is possible to evaluate the microcanonical sticking coefficient of expression (6) using semiclassical sums of states for the dissociation reaction and desorption activated complexes. Within the WhittenRabinovitch approximation,26 the sum of states for an energized complex at total energy E with u active degrees of freedom which can freely exchange energy is
where E, is the activated complex's zero-point energy, and a is an empirical factor with a value between 0 and 1. The a factor is found to be a function of the reduced energy, E' = E/E,, and may be estimated as
where /? is the modified frequency dispersion parameter,
(0) and (02) are the mean frequency and mean-square frequency of the activated complex and w( E' ) is a unique function of E' described by
It is convenient to express the sticking coefficient (6) as [
WL(E-ED) -I
.vE)= l +a,w;(E-E'J 1 employing a ratio of sums of states for the dissociation reaction and desorption activated complexes in which the degrees of freedom corresponding to the reaction coordinates have been subtracted and ffR= 4 for the degeneracy of the methane dissociation path. Recall that the potential energy surface of Fig. 1 implicitly incorporated the zero-point energies and that these energies are not explicitly included in the total active energy E. The sums of states are equal to unity at zero energy argument and zero for negative energies.
(39)
The vibrational frequencies of the dissociation reaction and desorption activated complexes will be taken to be the same as for the energized collision complex (see Fig. 1 ). Reaction coordinates for dissociation reaction and desorption are taken to be the degenerate C-H stretch vibration (&$r=3020 cm-') and the normal vibration of the molecule in the physisorption potential well (with wn). Using expressions (35)-(39), the sticking coefficient can be expressed as
where a,Ez,, and aREz,R are the Whitten-Rabinovitch factors and zero-point energies for the desorption and dissociation reaction activated complexes, respectively. From Fig. 1 , the threshold energy for desorption of methane is ED= E, and the apparent activation barrier for dissociative adsorption is E,,=(E,-E,)=(E,-E,). Expressions (l), (lo), (30), and (40) can be combined to provide a working formula for S(E),
The three adjustable parameters of the model's sticking coefficient are now clearly exposed; (1) the number of active degrees of freedom, u, (2) the apparent activation energy for dissociative adsorption, E0 , and (3) the normal vibrational frequency of the molecule in the physisorption well, on. These free parameters will be fixed by simulation of dissociative sticking coefficient data from molecular beam experiments. The method of calculating a,E,,, and aREz,R for particular values of the normal translational, and internal energies (E, and Ei) is elaborated upon in the Appendix. In the IBM molecular beam experiments, the normal translational energy of the incident molecules was independently scanned so the sticking coefficient (41) will be averaged over only internal energy. We will use the gaussian approximation (18) to treat the relatively high collision complex energies involved in the molecular beam experiments. Let us first consider the Luntz and Bethune experiments'* taken at a surface temperature of T,= 800 K. Following Luntz, the vibrational temperature of the incident molecules is equal to the nozzle temperature, T, = T, = 680 K, and the rotational temperature is estimated35 as T,.=O. 1 T, . The mean internal energy of the surface collision complexes is Ei=E"+(U-l3)(kT,)+1,5(kT,) (42) according to Eq. (16). The mean vibrational energy of the incident molecules, /?, , is calculated using Eq. (19). At T,=680 K, l?,=O.054 eV, and l?,=O.009 eV. Reasonable fitting of the Luntz data will be shown to give u = 16 (cf. estimation in Sec. II A), yielding Ei=0.270 eV. It is remarkable that vibrational energy of the local cluster of surface atoms contributes much more than any other energy, save translational, in forming the total collision complex energy, and plays the principal role in broadening the energy distribution of the complex. The methane heat capacity at constant pressure,34 C,(680 K), is 57.0 J K-t mol-' or 6.86k which yields C,(680 K)=5.86k and Czs2.86k. The variance of the surface collision complex's internal energy distribution can be calculated in the Gaussian approximation as a;=2.86(kT,)2+(u-13)(kT,)2+0.015(kT,,)2.
Estimating v as 16 gives a standard deviation of ai~O.155 eV.
The dissociative sticking coefficient as a function of methane normal translational energy is found using Eqs. (7) and ( (44) is a sensitive function of the three free parameters. The parameter ranges for visually reasonable fitting of the experimental data were; u=(16+2), Eo=(0.635t0.1) eV, and wn=(130*30) cm-'. Having once fixed the three parameters of the statistical model by fitting the S(E,; T,=680 K, TX=800 K) experimental data it should be possible to calculate dissociative sticking coefficients for any other set of experimental conditions. Let us begin by determining the dissociative sticking coefficient of the CD, methane isotope as a function of normal translational energy. The CD, sticking data for T,= 680 K, and T,=800 K is presented in Fig. 3(a) . In order to simulate these experiments, it is necessary to account for the change in the vibrational frequencies of the impinging methane and adjust the apparent threshold energy for dissociation accordingly. The CD, internal vibrational modes will be described by the frequencies, Oi, and degeneracies, di , of the gas phase molecule,47 ot =2259 cm-' with d, = 3 ; 0;?=2085 cm-t with d,= 1; ~,=I075 cm-' with d3= 1; and 04=996 cm-' with d,= 4. The frequencies of the four grouped external vibrational modes (three restricted rotations and normal molecule-surface vibration) are reduced by the square root of the CH&D, mass ratio, dl??%, so that for CD,, oD= 116 cm-'. The apparent threshold energy for direct dissociative adsorption of CD, is reduced by the difference in C-H (3020 cm-') and C-D (2259 cm-') degenerate stretch zero-point energies.47 The difference in the oo mode zero-point energies between CH,/Pt( 111) and CD,/Pt( 111) at the energized collision complex or activated desorption complex configurations is negligible. The apparent threshold energy for direct dissociative adsorption of CD, is then E0=0.68 eV. With these CD, input variables, expression (44) was recalculated to simulate the CD, S(E, ; T,, = 680 K, T, = 800 K) data. The simulation is plotted against the experimental data in Fig. 3(a) . The agreement between theory and experiment is quite good.
Experimental data for the CH, dissociative sticking coefficient at reduced nozzle temperature, S(E, ; T,= 300 K, T,= 800 K) is plotted in Fig. 3(a) . The statistical model will be used to simulate these experimental data without adjustment of previously determined parameters. The mean internal energy of the surface collision complexes formed from a CH4 beam with a nozzle temperature of T,, = 300 K hitting the surface at T,=800 K may be estimated as Ei~0.212 eV when u = 16. Under these conditions, the mean rotational and vibrational energies of incident molecules are (0.004 and 0.001 eV, respectively) negligible with respect to the vibrational energy of the local cluster of surface atoms. It is the three surface vibrational degrees of freedom which determine the breadth of the collision complex energy distribution. Consequently it is sufficient to simply average the microcanonical sticking coefficient, S(E), over only the vibrational energy of the local cluster of surface atoms. Rather than using the complicated distribution function (31) for f,(Ei) it will suffice to use Eq. (14). This approach is preferable since for the small number of degrees of freedom responsible for the breadth of the collision complex's energy distribution the Gaussian approximation is likely to be poor. Combining Eqs. (7) and (14) gives the sticking coefficient as a function of normal translational energy at low nozzle temperatures, classical approximation. Indeed, the empirical WhittenRabinovitch approximation (35)- (38) works reasonably well for only E' = EIE,>O. 1. This limits the minimum collision complex energy which can be considered using the WhittenRabinovitch approximation to -(0.635+0.104) eV because the zero-point energy for the dissociation activated complex is -1.02 eV. The mean internal energy of the surface collision complex above for a beam nozzle temperature of 300 K is Ei-0.2 I2 eV. In consequence, for normal translational energies from 0.25 to 0.55 eV the total collision complex energy is too small to be treated semiclassically in the normal Whitten-Rabinovitch fashion. To solve this problem, if only approximately, we artificially extrapolated Wi( E -ER) to unity at (E-ER) = 0 (see Appendix). Ultimately, qualitative agreement between theory and experiment is achieved for S(E,, T,=300 K, T,=800 K) of Fig. 3(a) . Evaluation of the activated complex sums of states using direct quantum counting methods such as the BeyerSwinehart algorithm4* in expression (39) might be able to bring theoretical values for the sticking coefficient into quantitative agreement with experiment. It may also be that quantum tunneling through the activation barrier begins to compete with classical, over the barrier, reaction involving the high energy tail of the collision complex energy distribution at low mean complex energies. However, the modest kinetic isotope effects24'25 observed in the thermal hydrogenation of methyl radicals on Pt( 111) at 240 K argue strongly against a tunneling mechanism playing a significant role in either the forward or reverse reactions. Figure 3 (b) presents simulations of the dissociative sticking coefficient as a function of surface temperature, S(T, ; E,, T,=680 K), for several normal translational energies. The sticking coefficient was calculated using expression (44) in which the Gaussian approximation was employed for the collision complex energy distribution. The mean collision complex energy (42), standard deviation (43), and the energy averaged sticking coefficient (44) are functions of the surface temperature. The simulations used no adjustable parameters and faithfully reproduced the experimental results.
S(E,) = (W))E~
(E )'-I r(S;(kT,)s exp (45) where s = (u -13) is the number of active vibrational modes of the local cluster of surface atoms and F(x) is the gamma function. The values of S(E, ; T,= 300 K, T,= 800 K) calculated using expression (45) are compared with experiment in Fig. 3(a) . Here, we may claim only qualitative agreement between theory and experiment. If the Gaussian approximation is used to describe the internal energy distribution, f i( Ei), rather than the thermal Gibbs distribution above, the sticking coefficient is reduced by a factor of 1.3 to 20 over the range of normal translational energy from 0.55 to 0.25 eV.
The thermally assisted tunneling model of dissociative adsorption has previously been used'9T20 to simulate the experimental dissociative sticking coefficient data of Fig. 3 . In order to directly compare the predictions of the thermally assisted tunneling model to those of our statistical model, the tunneling simulations are reproduced in Figs. 3(c) and 3(d) . From our perspective, the quantitative discrepancies between experiments and the tunneling theory are too large for tunneling to be considered the major pathway for reaction. Indeed, the statistical theory which does not explicitly include tunneling appears to provide predictions of the experimental behavior which should be quantitatively adequate for most purposes [Figs. 3(a), 3(b) ].
We believe that the major problem for the statistical model at these lower collision complex energies is a less than adequate description of the sum of states for the dissociation reaction activated complex, WAC E -ER), within the semiLet us briefly discuss the thermally assisted tunneling mode1.19-22 The model explicitly incorporates thermal motion of the surface atoms in order to account for the strong dependence of the dissociative sticking coefficient on surface temperature. Luntz and Harris have shown that tunneling rates depend on the center of mass energy (E,,) within the CH&n-face atom system in which the surface atom is thermally driven. The sticking coefficient changes rapidly with increased surface temperature because of the nonlinearity of S(E,,). The higher the curvature of S(E,,) the more pronounced will be variations in S(T,). If the experimental S(E,) dependence,'* S=O.O73 Et.27, is taken as a first approximation of S( E,,) the resulting S( T,) curves show far too little variation with surface temperature and appear virtually flat in comparison to the data of Fig. 3(d B. Associative desorption in thermal equilibrium treated by detailed balance
The thermal associative desorption of CH4 from Hcad,+CH3,ad) on Pt(ll1) occurring at 240 K has an extremely sharp angular distribution with a hwhm of -12" (Ref. 24) . Methane angular distributions for a variety of associative desorption reactions on Pt( 111) involving different isotopes are presented in Fig. 4 . Hydrogenation of the methyl radicals on Pt( 111) occurred under conditions of large excess of adsorbed H or D. Kinetic isotope effects were found to span a range of less than 1.5.
The methane associative desorption angular distributions were simulated using expression (32) and the three model parameters which were previously fixed by the molecular beam associative adsorption experiments. Separate simulations were made in which fi(Ei) in Eq. (32) was calculated by convolution (31) and approximated as Gaussian (15)- (22). In the Gaussian approximation the methane vibrational heat capacity at 240 K was estimated as Ci=O. 13 k. The mean value and standard deviation of the collision complex's internal energy was 0.09 and 0.04 eV, respectively. The simulation based on the Gaussian approximation is given by the dotted line of Fig. 4 . In determining fj(Ei) by convolution (3 1) we ignored any breadth of energy in vibration and assumed f,( E,) = 6( E, -E,). The internal energy distribution was determined by the Gibbs canonical distributions at temperature 240 K for the (u -13) vibrational modes of the cluster of surface atoms and the three restricted rotations of the incident molecule.
In the Van Willigen model, internal degrees of freedom do not assist in overcoming the activation barrier to dissociative adsorption and hence (S(E, ,fi))Ei is a step function turning on at E,= E, cos2 62 E,. This leads to an unrealistically sharp and unbounded increase of (E,(S)),, with desorption angle. Within the statistical model participation of internal degrees of freedom yields a sticking coefficient averaged over internal energies, (S(E, , I?)),~, which smoothly extends to E, well below the threshold values of the Van Willigen model. The relatively narrow breadth of fi(Ei) within the Gaussian approximation as compared to its convolution over Gibbs distributions leads to more steplike behavior of (S(E, ,a))Ei so that the statistical simulation of (E,( 8))des within the Gaussian approximation most closely resembles the Van Willigen prediction (Fig. 5) . For the Gibbs simulawhere Ei= I?, + Es+ E, [cf. Eqs. (11) and (14)]. Using expressions (28) and (46) in Eq. (32), the CH, associative desorption angular distribution from Pt(ll1) at 240 K was simulated and the result is given by the dashed line of Fig. 4 . (46) tion, the mean translational energy for desorption normal to the surface (-0.23 eV) is significantly less than the apparent exit channel exoergicity, E,--0.635 eV (Fig. 1) . Much of the exit channel's exoergicity is predicted to appear in internal excitation of the desorbing molecule and the local cluster of surface atoms left behind. Such behavior is quite analogous to gas-phase reactions of small molecules where less than half of a reaction's exoergicity is typically channeled into translation.50 Detailed balance argues that only about l/3 of the energy necessary to overcome the apparent activation barrier for dissociative adsorption at 240 K comes from translational energy of an impinging methane incident along the surface normal and considerably less at higher angles of incidence.
The mean total energy of the dissociative adsorption collision complex under conditions of thermal equilibrium at 240 K is E-(0. 1 1 + E,) eV which is much less than the threshold energy for dissociation reaction, E,-(0.635 + E,) eV (see Fig. 1 ). Only collision complexes formed with high energies in the far tail of the total energy distribution will be able to react. This makes the associative desorption angular distribution very sensitive to the exact shape of the collision complex total energy distribution as can be seen in Fig. 4 . Moreover, at low mean total energy for the dissociative adsorption collision complex, the desorption angular distribution will be very sensitive to the evaluation of Wi(E -ER) [cf. discussion of S(E,; T,=300 K, T,=800 K) above]. Although the agreement between the semiclassical simulation and experimental associative desorption angular distribution is quite good (Fig. 4) we cannot claim quantitative agreement between theory and experiment without exact quantum counting of the sum of states for the dissociation activated complex.
The angular variation of the mean translational energy of the desorbing molecules was simulated using expression (34). Figure 5 presents separate simulations in which the collision complex internal energy distribution was explicitly calculated by convolution over the Gibbs distributions (46) and approximated as Gaussian (15)- (22). The prediction of the Van Willigen mode149 in which the barrier is assumed to be one dimensional is also given in Fig. 5 . From Eq. (34) we may write, +Ei+E,lfi(Ei)dEi, (47) @r( a))des" 1; ~E,E~~(~,E,)(S(E,,~))E~.
The kinetic isotope effect for methane dissociative adsorption under thermal equilibrium conditions is given by the ratio of sticking coefficients (for Se 1). The calculated ratio of S(CH,)/.S(CD,) as a function of temperature is presented in Fig. 6 . Sticking coefficients were determined by expression (7) in which the energy distribution for the collision complex was calculated using either the Gaussian approximation (15)-(22) or a convolution over Gibbs distributions (8), (46). The Gaussian approximation used a methane vibrational heat capacity,<, obtained by taking the derivative of expression (19) for E, with respect to temperature. At temperatures below about 700 K, the Gaussian approximation is quite poor because the narrowing breadth of the f,(Ei) distribution leads to an overly narrow total energy distribution for the collision complexes and through Eq. (7) small values of the energy averaged sticking coefficient [ex. S(CH,)-10-23 at 300 K]. In the second approach, a convolution over Gibbs canonical distributions was used to calculate the energy distribution of the collision complexes. In the temperature range from 250 to 900 K, there is little vibrational excitation of the incident molecules. The breadth of the collision complex's total energy distribution is derived primarily from vibrational modes of the cluster of surface atoms and the incident molecule's translational and rotational degrees of freedom. Consequently, the distribution over vibrational energy of incident molecules was again taken as a delta function, f,(E,) = S( E, -E,). This approach gave more reasonable absolute values for the sticking coefficients [ex. S(CH,)-2X lo-l4 at 250 K]. Nevertheless, because the WL(E -ER) sum of states for the activated dissociation complex was evaluated semiclassically rather than by direct quantum counting methods the kinetic isotope ratios of Fig.  6 may be regarded as only qualitatively correct. Figure 6 shows that CH, dissociatively adsorbs more readily than CD, at all temperatures. The kinetic isotope effect is in the range expected for a primary isotope effect.51 Unfortunately, detailed balance arguments are insufficient by themselves to relate the ratio of thermal dissociative sticking coefficients to the kinetic isotope effect for the reverse reaction. In thermal equilibrium, the kinetic isotope effect will depend on ratios of reactant partition functions to activated complex partition functions which will be quite different depending on the direction of reaction. In this paper we have not developed a direct model for the partition functions of adsorbed H and CH, and hence cannot directly calculate the kinetic isotope effect for associative desorption. Nevertheless, the experimentally measured kinetic isotope effect of -1.3 for H(D)(ad)+CH~(ad) associative desorption to give methane from Pt ( 111) is surprisingly low.24,2s The thermally assisted tunneling model cannot explain this low value for the hydrogenation reaction at 240 K and, indeed, the isotope effect is uncharacteristically low even for an "over the barrier," statistical mechanism of reaction.5' V. CONCLUSIONS A statistical model of activated dissociative adsorption was developed and tested for methane dissociative adsorption on Pt(l11). Development of the model was stimulated by (i) supersonic molecular beam experiments which indicated that virtually all forms of energy in molecular degrees of freedom and the surface temperature enhance dissociative sticking coefficients,7-"*'7-'9 and (ii) recent angle-resolved thermal23 and photochemical hydrogenations of methyl radicals on Pt( 111) which displayed overly low kinetic isotope effects for tunneling mechanisms and evidence for statistical behavior, respectively. Central postulates of the statistical model are (i) activated dissociative adsorption occurs as a result of energy randomizing collisions between molecules and local clusters of surface atoms; (ii) efficient energy exchange occurs within a localized collision complex involving only several surface atoms because of short collision lifetimes and finite phonon propagation velocities; (iii) the ensemble of collision complex representative points are evenly distributed over a region of phase space which includes all the activated complex phase space for desorption and dissociation such that RRKM theory may be applied; (iv) some degrees of freedom may not actively participate in energy exchange within the collision complex. If these postulates are viable, a simple microcanonical sticking coefficient may be defined [Eq. (6)] which, when averaged over appropriate energy distributions for the surface collision complexes [Eq. (7)], can be used to calculate both equilibrium and nonequilibrium dissociative sticking coefficients. The statistical model was employed to simulate molecular beam derived sticking coefficients for methane dissociative adsorption on Pt(lll) and the angular distribution for methane desorbing from thermal hydrogenation of adsorbed methyl radicals on Pt( 111). The three adjustable parameters of the statistical model were (i) the apparent activation energy for CH4 dissociative adsorption; (ii) the total number of degrees of freedom actively exchanging energy in the surface collision complex; and (iii) the frequency of the CH,-surface vibration within the physisorption potential well. These parameters were fixed once and for all by fitting the experimental dependence of the CH4 dissociative sticking coefficient on normal translational energy at one pair of beam nozzle and surface temperatures. Subsequent statistical simulations with fixed parameters faithfully reproduced experimental variations of the methane dissociative sticking coefficient with isotope, vibrational energy and surface temperature (Fig. 3) . In further comparison with experiment, the CH, angular distribution from thermal associative desorption of %aa and CH,,aci, on Pt(ll1) was adequately simulated using the statistical model for dissociative adsorption and the principle of detailed balance (Fig. 4) . Statistical simulation of the angular variation of the mean translational energy of associatively desorbing CH4 under thermal equilibrium conditions gave chemically reasonable results (cf. Gibbs statistical simulation and Van Willigen prediction in Fig. 5 ). The statistical model was also used to calculate the kinetic isotope effect or ratio of dissociative sticking coefficients for different isotopes under thermal equilibrium conditions as a function of temperature (Fig. 6) . No experimental data are currently available for comparison with the last two simulations.
The most important approximations in the statistical simulations were the use of a semiclassical (35)- (38) rather than quantum counting calculation for the sum of states of the dissociation reaction activated complex and the provisional use of a Gaussian to describe the total energy distribution of the surface collision complex (15)-(22). At low thermal reaction temperatures the number of degrees of freedom excited in the molecule and surface atoms before collision is relatively small and the Gaussian approximation for the surface collision complex energy distribution is relatively poor. In addition, semiclassical calculation of the sum of states is least adequate for temperatures where the total energy of the activated complexes is low (see Appendix). In consequence, truly quantitative simulations of thermal sticking behavior at low temperatures are likely to require quantum state counting and full convolution over the energy distributions which combine to energize the surface collision complex (6)-(g).
The statistical model of reaction appears to describe the essential chemistry of activated dissociative adsorption of methane as evidenced by its ability to quantitatively predict a wide range of experimental behavior, including kinetic isotope effects (Figs. 3 and 4) . The model contains no explicit provision for quantum tunneling across the activation barrier. Although tunneling may play a significant role in methane dissociative adsorption at very low reaction temperatures, there is no compelling experimental evidence for tunneling at this time (Fig. 3) . In consequence, we believe that activated dissociative adsorption of alkanes generally proceeds via statistical, "over the barrier" mechanisms. When applicable, the statistical RRKM transition state theory is able to reduce the description of complicated, many degree of freedom, surface reactions to relatively simple considerations involving only single reaction coordinates. We are hopeful that many surface reactions may be treated statistically at some level of approximation and that the methods developed here may be useful in describing a wide range of surface reaction kinetics and dynamics. The Whitten-Rabinovitch semiclassical expression for the integrated density of states of an activated complex at total energy E (above the threshold energy for reaction) is defined by expressions (35)- (38) . Following the analysis of Sec. IV A, the integrated densities of states for the dissociation reaction and desorption activated complexes may be written as ho,(E,+Ei-Eo+a,E,,R)"- respectively. The total, freely exchangeable energies for the dissociation and desorption activated complexes are (E, + Ei-Eo) and (E, + Ei). The Whitten-Rabinovitch a factors can be determined via Eqs. (36)-(38) using reduced energies, E' = EIE, , when E' >O. 1. In some instances within Sec. IV A and IV B we have extended the semiclassical approximation to treat reactions at low total collision complex energies and low reaction temperatures. The shape of the low energy tail of the microcanonical sticking coefficient, S(E), is very important under such conditions. The Whitten-Rabinovitch semiclassical approximation for the integrated density of states for the activated complexes is not generally used below E' = 0.1. Indeed, at E ' = 0 expression (38a) yields obviously incorrect values of a&0)-0.486 and Wi( 0) -7 for the activated dissociation complex. To remedy this problem we have used a second order polynomial to extrapolate the w(E') function of Eq. (38) 
